Abstract: Alisertib (ALS) is an investigational potent Aurora A kinase inhibitor currently undergoing clinical trials for the treatment of hematological and non-hematological malignancies. However, its antitumor activity has not been tested in human breast cancer. This study aimed to investigate the effect of ALS on the growth, apoptosis, and autophagy, and the underlying mechanisms in human breast cancer MCF7 and MDA-MB-231 cells. In the current study, we identified that ALS had potent growth-inhibitory, pro-apoptotic, and proautophagic effects in MCF7 and MDA-MB-231 cells. ALS arrested the cells in G 2 /M phase in MCF7 and MDA-MB-231 cells which was accompanied by the downregulation of cyclindependent kinase (CDK)1/cell division cycle (CDC) 2, CDK2, and cyclin B1 and upregulation of p21 Waf1/Cip1, p27 Kip1, and p53, suggesting that ALS induces G 2 /M arrest through modulation of p53/p21/CDC2/cyclin B1 pathways. ALS induced mitochondria-mediated apoptosis in MCF7 and MDA-MB-231 cells; ALS significantly decreased the expression of B-cell lymphoma 2 (Bcl-2), but increased the expression of B-cell lymphoma 2-associated X protein (Bax) and p53-upregulated modulator of apoptosis (PUMA), and increased the expression of cleaved caspases 3 and 9. ALS significantly increased the expression level of membrane-bound microtubule-associated protein 1 light chain 3 (LC3)-II and beclin 1 and induced inhibition of phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) and p38 mitogen-activated protein kinase (MAPK) pathways in MCF7 and MDA-MB-231 cells as indicated by their altered phosphorylation, contributing to the pro-autophagic activities of ALS. Furthermore, treatment with wortmannin markedly downregulated ALS-induced p38 MAPK activation and LC3 conversion. In addition, knockdown of the p38 MAPK gene by ribonucleic acid interference upregulated Akt activation and resulted in LC3-II accumulation. These findings indicate that ALS promotes cellular apoptosis and autophagy in breast cancer cells via modulation of p38 MAPK/Akt/ mTOR pathways. Further studies are warranted to further explore the molecular targets of ALS in the treatment of breast cancer.
Introduction
Breast cancer is the most lethal of the female-specific malignancies. 1 The World Health Organization estimates that more than 1.2 million people are diagnosed with breast cancer each year. 2 Standard breast cancer therapy generally combines surgery, multitherapeutic agents, and ionizing radiation. 3 The anticancer agents induce cell cycle arrest and/or cell death by apoptotic or non-apoptotic mechanisms including necrosis, senescence, autophagy, and mitotic catastrophe. 4 Aurora A kinase (AURKA) plays an essential role in chromosome alignment, centrosome separation and maturation, mitotic spindle formation, and cytokinesis during mitosis. [5] [6] [7] AURKA inhibition has been shown to induce aneuploidy, polyploidy, and mitotic catastrophe in cells. 8 Currently, there are about 30 Aurora kinase inhibitors (AKIs) in different stages of pre-clinical and clinical development. Alisertib (ALS; also known as MLN8237) is one of the first AKIs to enter Phase I and II trials, showing great therapeutic potential in anticancer therapy in a wide range of types of cancer, including both advanced solid tumors and non-Hodgkin lymphoma. [9] [10] [11] [12] The clinical efficacy of ALS has largely been consistent with its cytostatic effects, with the best response so far being stable disease in about 23.7% of evaluable patients with advanced or metastatic solid tumor. 12 However, data on the effect of ALS on breast cancer are few. In one study by Leontovich et al, 13 ALS reduced cyclin A (cyclin-dependent kinase [CDK] 2) expression in MCF-7 cells harboring abrogated p53 function (vMCF-7DNp53). ALS significantly enhanced the cytotoxicity of the microtubule inhibitor marchantin A from Marchantia polymorpha toward breast cancer cell lines A256, MCF7, and T47D.
14 In addition, ALS augmented the antitumor efficacy of docetaxel or paclitaxel in in vivo models of triple-negative breast cancer grown in immunocompromised mice. 15 The aims of the present study were to investigate the effects of ALS on the cell cycle, apoptosis, and autophagy and to elucidate the molecular mechanisms involved in human breast cancer MCF7 and MDA-MB-231 cells. We have demonstrated that ALS inhibits the proliferation and induced cell cycle G 2 /M arrest, apoptosis, and autophagy in MCF7 and MDA-MB-231 cells. We have found that p38 mitogen-activated protein kinase (MAPK) is required for ALS-induced autophagy at the sequestration step of autophagosome formation in MCF7 and MDA-MB-231 cells and we have confirmed that p38 MAPK and protein kinase B (Akt)/ mammalian target of rapamycin (mTOR) signaling pathways play an important role in ALS-induced autophagy in MCF7 and MDA-MB-231 cells. inhibitor and a blocker of autophagosome formation), chloroquine, and Lipofectamine 2000 were purchased from Thermo Fisher Scientific Inc. SB202190 (an autophagy inducer and specific p38 MAP kinase inhibitor) was purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). The negative control small interfering ribonucleic acid (siRNA) and p38 MAPK siRNA were purchased from Cell Signaling Technology Inc. (Danvers, MA, USA). Primary antibodies against human p53, p21 Wafl/Cipl, p27 Kipl, cyclin B1, CDK1/CDC2, the p53-upregulated modulator of apoptosis (PUMA), B-cell lymphoma 2 (Bcl-2), Bcl-2-like protein4/ Bcl-2-associated X protein (Bax), cleaved caspase 3, cleaved caspase 9, microtubule-associated protein 1 light chain 3 (LC3)-I (the cystolic form), LC3-II (the membrane-bound form), p38 MAPK, phosphorylated p38 MAPK (p-p38 MAPK at Thr180/Tyr182), PI3K, p-PI3K at Tyr458, Akt, p-Akt at Ser473, mTOR, p-mTOR at Ser2448, and beclin 1 were obtained from Cell Signaling Technology Inc. The primary antibody against human β-actin was bought from Santa Cruz Biotechnology Inc. 100 ng/mL cholera enterotoxin, 0.5 mg/mL hydrocortisone, and 20 ng/mL epidermal growth factor. All cells were maintained at 37°C in a 5% CO 2 /95% air humidified incubator. ALS was dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of 50 mM, and was freshly diluted to the desired concentration with culture medium. The final concentration of DMSO was at 0.05% (v/v). The control cells received the vehicle only.
Materials and methods chemicals and reagents

cell viability assay
The MTT assay was performed to examine the effect of ALS on cell viability. Briefly, cells were seeded in 96-well culture plates at a density of 8×l0 3 /well. After cells were attached, the media were changed to ALS at different concentrations (from 0.01-50 µM). The concentration of DMSO was at 0.05% (v/v). The control cells received the vehicle only. After 24 or 48 hour incubation, 10 µL MTT (5 g/L) was added to each well and cultured for another 4 hours. Then supernatant was removed and 150 µL DMSO was added. It was shaken for 5 minutes for the crystal dissolution. The absorbance at a wavelength 490 nm was measured with a Synergy™ H4 Hybrid microplate reader (BioTek Inc., Winooski, VT, USA). The half maximal inhibitory concentration (IC 50 ) values were determined using the relative viability over ALS concentration curve.
Cell cycle analysis using flow cytometry PI is commonly used as a DNA stain to determine DNA content in the cell cycle analysis. The effect of ALS on cell cycle distribution was determined by flow cytometry as described previously. 16 Briefly, MCF7 and MDA-MB-231 cells were treated with ALS at different concentrations (0.1, 1.0, and 5.0 µM) for 24 hours. In separate experiments, MCF7 and MDA-MB-231 cells were treated with 1.0 µM ALS for 4, 8, 12, 24, 48 , and 72 hours. Cells were suspended, washed with PBS, centrifuged, and fixed in 70% ethanol (v/v) at -20°C overnight. Then the cells were re-suspended in 1 mL of PBS containing 1 mg/mL ribonuclease A and 50 µg/mL PI. Cells were incubated in the dark for 30 minutes at room temperature. A total number of 1×10 4 events were subjected to cell cycle analysis using a flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA).
Quantification of cellular apoptosis using flow cytometry
Apoptotic cells were quantitated using the annexinV:PE apoptosis detection kit (BD Biosciences Inc.) after cells were treated with ALS at different concentrations (0.1, 1.0, and 5.0 µM) for 24 hours as described previously. 16 ALS was dissolved in DMSO at a final concentration of 0.05% (v/v). Annexin V is a 35 kDa Ca
2+
-dependent phospholipidbinding protein that has a high affinity for negatively charged phospholipid phosphatidylserine, and binds to cells that are actively undergoing apoptosis with exposed phospholipid phosphatidylserine. Briefly, cells were trypsinized and washed twice with cold PBS, and then cells were re-suspended in 1× binding buffer with 2.5 µL of annexin V:PE and 2.5 µL of 7-amino-actinomycin D (7-AAD, [used as a nucleic acid dye]) at 1×10 5 cells/mL in a total volume of 100 µL. The cells were gently mixed and incubated in the dark for 15 minutes at room temperature. A quota of 1× binding buffer (400 µL) was then added to a clean test tube and the number of apoptotic cells was quantified using a flow cytometer (Becton Dickinson Immunocytometry Systems) within 1 hour. Cells that stain positive for annexin V:PE and negative for 7-AAD are undergoing apoptosis; cells that stain positive for both annexin V:PE and 7-AAD are either in the end stage of apoptosis, are undergoing necrosis, or are already dead; and cells that stain negative for both annexin V:PE and 7-AAD are alive and not undergoing measurable apoptosis.
Quantification of cellular autophagy
For autophagy detection, each sample was washed by re-suspending the cell pellet in 1× assay buffer (Enzo Life Sciences Inc.; No: ENZ-51031-K200) and cells collected by centrifugation as described previously. 16 After 24 hour incubation, the cells were treated with fresh medium alone, control vehicle alone (0.05% DMSO, v/v), or ALS (0.1, 1.0, and 5.0 µM) for 24 hours at 37°C. In separate experiments, MCF7 and MDA-MB-231 cells were treated with 1.0 µM ALS for 4, 8, 12, 24, 48 , and 72 hours. To investigate the mechanisms for ALS-induced autophagy, cells were pre-treated with the 10 µM WM (a PI3K inhibitor and autophagy blocker), 10 µM bafilomycin A1 (an autophagy inhibitor), or 10 µM SB202190 (a selective inhibitor of p38 MAPK) for 30 minutes in MCF7 and MDA-MB-231 cells, then co-treated with 1.0 µM ALS for further 24 hours. Groups of cells treated with each of these compounds alone were also included. All inhibitors were dissolved in DMSO at a final concentration of 0.05% (v/v). Cells were re-suspended in 250 µL of phenol red-free culture medium (Thermo Fisher Scientific Inc.; No 1294895) containing 5% FBS, and 250 µL of the diluted Cyto-ID ® Green stain solution (Enzo Life Sciences Inc.; No: ENZ-51031-K200) was added to each sample and mixed well. Cells were incubated for 30 minutes at 37°C in the dark, collected by centrifugation, washed with 1× assay buffer, and re-suspended in 250 µL fresh 1× assay 
Western blotting analysis
The expression level of cellular proteins of interest was determined using Western blotting assays. 16 MCF7 and MDA-MB-231 cells were washed with pre-cold PBS after 24 hour treatment with ALS at 0.1, 1.0, and 5.0 µM, lysed with the radioimmunoprecipitation assay buffer (50 mM HEPES at pH 7.5, 150 mM sodium chloride, 10% glycerol, 1.5 mM magnesium chloride, 1% Triton-X 100, 1 mM EDTA at pH 8.0, 10 mM sodium pyrophosphate, and 10 mM sodium fluoride) containing the protease and phosphatase inhibitor cocktails, and centrifuged at 3,000× g for 10 minutes at 4°C. Protein concentrations were measured using Pierce™ bicinchoninic acid protein assay kit (Thermo Fisher Scientific Inc.). An equal amount of protein sample (30 µg) was dissolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer and electrophoresed on 10% SDS-PAGE mini-gel after thermal denaturation at 95°C for 5 minutes. Proteins were transferred onto Immobilon polyvinylidene difluoride membrane (EMD Millipore Inc., Billerica, MA, USA) at 400 mA for 2 hours at 4°C. Membranes were probed with indicated primary antibody overnight at 4°C and then blotted with respective secondary anti-mouse or anti-rabbit antibody. Visualization was performed using Bio-Rad ChemiDoc™ XRS system (BioRad Laboratories Inc., Hercules, CA, USA) with electrochemiluminescence substrate. Protein level was normalized to the matching densitometric value of the internal control β-actin.
statistical analysis
Data are presented as the mean ± standard deviation (SD). Comparisons of multiple groups were evaluated by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison procedure. Values of P0.05 were considered statistically significant.
Results
ALS shows significantly higher cytotoxicity toward breast cancer cells than normal breast epithelial cells
In order to evaluate the cytotoxicity of ALS, we used the MTT assay to measure whether ALS inhibited the proliferation of malignant MCF7 and MDA-MB-231 cells and normal human breast epithelial MCF10A cells. The concentration-dependent inhibitory effects of ALS on the growth of MCF10A, MCF7, and MDA-MB-231 cells are shown in Figure 1A and Figure 1B) . These results indicate that ALS induces a concentration-dependent inhibitory effect on the growth of MCF10A, MCF7, and MDA-MB-231 cells, but the cytotoxic effect of ALS is much lower in normal MCF10A cells than in both malignant cell lines. Figure 3A and B). Figure 3A and B).
Taken together, the results show that ALS induces a remarkable cell cycle arrest in the MCF7 and MDA-MB-231 cells, contributing to its anticancer effect in the breast cancer treatment.
als regulates the expression of cDK1/ cDc2, cDK2, cyclin B1, p21 Waf1/cip1, p27 Kip1, and p53 in McF7 and MDa-MB-231 cells
To explore the mechanism for ALS-induced cell cycle arrest, we examined the effect of ALS treatment on the Figure 4A and B).
To further investigate the molecular mechanism for ALSinduced cell cycle arrest, we conducted separate experiments to evaluate the expression levels of CDK1/CDC2, cyclin B1, p21 Waf1/Cip1, and p53 in MCF7 and MDA-MB-231 cells with the treatment of ALS over 72 hours using Western blotting analysis. Treatment of MCF7 cells with ALS at 1.0 µM for 8, 12, 48, and 72 hours significantly decreased Figure 5A and B). Treatment of MDA-MB-231 cells with ALS at 1.0 µM for 4, 24, and 72 hours significantly decreased the level of CDK1/CDC2 by 25.0%, 34.5%, and 31.5%, respectively. There was a 41.2%, 25.0%, 46.3%, and 50.1% reduction in the expression level of cyclin B1 in MDA-MB-231 cells incubated with 1.0 µM ALS for 8, 12, 24, and 72 hours, respectively. Treatment of MDA-MB-231 cells with ALS at 1.0 µM for 8, 24, and 48 hours significantly increased the level of p21 Waf1/Cip1 2.1-, 1.7-, and 3.5-fold, respectively. In addition, the expression level of p53 was increased 1.9-, 2.0-, and 2.7-fold when treated with 1.0 µM ALS for 12, 24, and 72 hours in MDA-MB-231 cells, respectively (P0.01 or P0.001 by one-way ANOVA; Figure 5A and B).
als induces the apoptosis of McF7 and MDa-MB-231 cells via activation of mitochondria-dependent pathway
In order to examine the apoptosis-inducing effect of ALS in MCF7 and MDA-MB-231 cells, the number of apoptotic cells was first quantified using flow cytometric analysis and the results are shown in Figure 6A . The number of apoptotic cells was 16.7% and 15.8% in MCF7 and MDA-MB-231 cells treated with the control vehicle only (0.05% DMSO, v/v), respectively. While MCF7 cells were treated with ALS at 0.1, 1.0, and 5.0 µM for 24 hours, the total percentage of apoptotic cells was increased 1.4-, 2.0-, and 2.6-fold compared to the control cells, respectively. Similarly, MDA-MB-231 cells were treated with ALS at 1.0 and 5.0 µM for 24 hours, the total percentage of apoptotic cells was increased 2.2-and 3.0-fold compared to the control cells, respectively (P0.05 by one-way ANOVA; Figure 6A and B).
To investigate the mechanisms responsible for ALSinduced apoptosis in MCF7 and MDA-MB-231 cells, we evaluated the levels of Bcl-2, Bax, PUMA, cleaved caspase 3, and cleaved caspase 9 in above cells treated with ALS at 0.1, 1.0, and 5.0 µM for 24 hours. We first examined the effects of ALS treatment on the expression levels of the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-2. The expression level of Bax was concentrationdependently increased in both cell lines (P0.05 by one-way ANOVA; Figure 7A Figure 7A and B). Furthermore, the effect of ALS on the expression of PUMA was also examined due to its important role in the regulation of anti-apoptotic proteins. ® to detect autophagic vacuoles and subjected to flow cytometric analysis that collected 10,000 events. Data are the mean ± sD of three independent experiments. *P0.05; **P0.01; and ***P0.001 by one-way anOVa. Abbreviations: als, alisertib; sD, standard deviation; anOVa, analysis of variance.
time-dependent manners. In MCF7 cells, the percentage of autophagic cells at basal level was 3.6%, and incubation of the cells with ALS at 1.0 and 5.0 µM increased the autophagy 8.4-and 10.3-fold, respectively (P0.001; Figure 8A and B). Treatment of MCF7 cells with 1.0 µM ALS for 24, 48, and 72 hours increased the autophagy 6.1-, 15.1-, and 34.3-fold, respectively (P0.05 by one-way ANOVA; Figure 9A and B). Similarly, the percentage of autophagic cells at basal level was 1.3% in MDA-MB-231 cells, and incubation of the cells with ALS at 1.0 and 5.0 µM increased the autophagy 22.2-and 21.3-fold, respectively (P0.01 by one-way ANOVA; Figure 8A and B). In addition, treatment of MDA-MB-231 cells with 1.0 µM ALS for 24, 48, and 72 hours increased the autophagy 5.6-, 14.9-, and 14.4-fold, respectively (P0.01 by one-way ANOVA; Figure 9A and B) .
Next, we examined the effect of ALS on the expression level of beclin 1 and LC3-I/II. Autophagy is tightly regulated by beclin 1 (a mammalian homolog of yeast Atg6) that forms a complex with vacuolar protein sorting 34 (Vps34, also called class III PI3K), and serves as a platform for recruitment of other Atgs that are critical for autophagosome formation. 17 Upon autophagy initiation, LC3 is cleaved at the C-terminus by Atg4 to form the cytosolic LC3-I.
18 LC3-I is consequently proteolytically cleaved and lipidated by Atg3 and Atg7 to form LC3-II, which localizes to the autophagosome membrane. Treatment of MCF7 cells with ALS at 0.1, 1.0, and 5.0 µM for 24 hours increased the expression of beclin 1 1.5-, 1.4-, and 1.5-fold, respectively, compared to the control cells (P0.001 by one-way ANOVA; Figure 10A and B). There was a 1.4-and 1.6-fold increase of beclin 1 in MDA-MB-231 cells treated with 1.0 and 5.0 µM ALS for 24 hours, respectively (P0.01 by one-way ANOVA; Figure 10A Figure 10A and B). In MDA-MB-231 cells, 1.0 and 5.0 µM ALS resulted in a 1.8-and 2.8-fold increase in the expression of LC3-II, respectively, compared to the control cells (P0.01 by one-way ANOVA; Figure 10A and B). In addition, treatment of MCF7 and MDA-MB-231 cells with ALS decreased the expression of LC3-I, although this was not statistically significant.
To further elucidate the effect of ALS-induced autophagy in breast cancer cells, we examined the treatment time of ALS on the expression level of beclin 1 and LC3-I/ II. Treatment of MCF7 cells with ALS at 1.0 µM for 12, 24, 48, and 72 hours increased the expression of beclin 1 by 1.9-, 2.3-, 3.0-, and 4.2-fold, respectively, compared to the control cells (P0.001 by one-way ANOVA; Figure  11A and B). Similarly, there was a 1.7-, 2.0-, 3.3-, 4.2-, and 3.6-fold increase of beclin 1 in MDA-MB-231 cells treated with 1.0 µM ALS for 8, 12, 24, 48, and 72 hours, respectively (P0.001 by one-way ANOVA; Figure 11A and B). In both MCF7 and MDA-MB-231 cells, there was also a time-dependent increase in the expression of LC3-II. Compared to the control cells, there was a 3.8-, 5.1-, 3.0-, and 6.1-fold increase in the LC3-II level in MCF7 cells treated with ALS at 1.0 µM for 12, 24, 48, and 72 hours, respectively (P0.01 by one-way ANOVA; Figure 11B ). In MDA-MB-231 cells, treatment with 1.0 µM ALS over 72 hours resulted in a 2.3-to 4.2-fold increase in the expression of LC3-II, compared to the control cells (P0.001 by one-way ANOVA; Figure 11B ). These results suggest ALS induces autophagy in breast cancer cells.
als induces the activation of p38 MaPK in McF7 and MDa-MB-231 cells
MAPK family members, including c-Jun N-terminal kinase, extracellular signal-regulated kinase, and p38 MAPK, have been reported to be involved in autophagy. 19 To investigate whether the p38 MAPK signaling pathway was involved in ALS-induced autophagy, Western blotting assay was performed to detect the activated state of associated proteins. As shown in Figures 10 and 11 , ALS markedly induced the phosphorylation of p38 MAPK.
First, we examined whether ALS induced autophagy of MCF7 and MDA-MB-231 cells in a concentration-dependent manner. Exposure of MCF7, and MDA-MB-231 cells to 0.1, 1.0, and 5.0 µM ALS for 24 hours increased the phosphorylation level of p38 MAPK; however, incubation of both cell lines with ALS did not significantly affect the expression of total p38 MAPK. The ratio of p-p38 MAPK over p38 MAPK was concentration-dependently increased by ALS in both cell lines compared to the control cells. In MCF7 cells, the p-p38 MAPK/p38 MAPK ratio was increased from 0.28 at basal level to 0.53 and 0.62, when MCF7 cells were treated with ALS at 1.0 and 5.0 µM, respectively (P0.001 by one-way ANOVA; Figure 10A and B) . In MDA-MB-231 cells, treatment with 0.1, 1.0, and 5.0 µM ALS significantly increased the ratio of p-p38 MAPK/p38 MAPK from 0.31 at basal level to 0.49, 0.62, and 0.80, respectively (P0.001 by one-way ANOVA; Figure 10A and B).
We further investigated if the activation of p38 MAPK by ALS in breast cancer cell lines was in a time-dependent manner. A time-course study of p38 MAPK phosphorylation in MCF-7 and MDA-MB-231 cells showed that the activation of p38 MAPK was increased over treatment time. In MCF7 cells, the p-p38 MAPK/p38 MAPK ratio was increased from 0.19 at basal level to 0.37, 0.36, 0.32, 0.31, and 0.59, when MCF7 cells were treated with ALS at 1.0 µM for 8, 12, 24, 48, and 72 hours, respectively (P0.01 by one-way ANOVA; Figure 11A and B). In MDA-MB-231 cells, 1.0 µM ALS for 8, 12, 24, and 72 hours increased the ratio of p-p38 MAPK/ p38 MAPK from 0.12 at basal level to 0.25, 0.24, 0.25, and 0.52, respectively (P0.01 by one-way ANOVA; Figure 11A and B). These observations indicate a possible involvement of p38 MAPK during ALS-induced autophagy.
effects of p38 MaPK activation on als-induced autophagy in McF7 and MDa-MB-231 cells
We have observed that treatment with ALS for 24 hours resulted in the sustained activation of p38 MAPK and significantly increased expression of LC3-II and beclin 1 in MCF7 and MDA-MB-231 cells. To further investigate how p38 MAPK was involved in ALS-induced autophagy, we co-incubated the cells with the autophagy inhibitors WM (an inhibitor for sequestration step of autophagosome) and bafilomycin A1 (an inhibitor for maturation step of autophagosome). First, we examined the effect of autophagy inhibitors on ALS-induced autophagy in MCF7 and MDA-MB-231 cells using flow cytometry. In MCF7 cells, WM at 10 µM significantly decreased ALS-induced autophagy by 31.4%; in contrast, bafilomycin A1 at 100 nM significantly increased ALS-induced autophagy 1.2-fold, compared to the control cells treated with ALS alone (P0.01 by one-way ANOVA; Figure 12A Figure 12A and B).
Furthermore, we examined the expression levels of beclin 1 and LC3-II when MCF7 and MDA-MB-231 cells were treated with ALS alone or combined with the autophagy inhibitors by Western blotting assay. Treatment with 1.0 µM ALS plus 10 µM WM or 100 nM bafilomycin A1 remarkably decreased the expression level of beclin 1 by 40.9% and 32.7% in MCF7 cells, respectively, compared to the control cells treated with ALS alone (P0.001; Figure 13A and B) . Similarly, treatment of MDA-MB-231 cells with 1.0 µM ALS plus 10 µM WM or 100 nM bafilomycin A1 markedly decreased the level of beclin 1 by 41.1% and 32.4%, respectively, compared to the control cells treated with ALS alone (P0.001; Figure 13A and B). Moreover, treatment of cells with 1.0 µM ALS plus 10 µM WM decreased the level of LC3-II by 60.5% in MCF7 cells. In MDA-MB-231 cells, treatment of 1.0 µM ALS plus 10 µM WM decreased the level of LC3-II by 60.3%, compared to the control cells treated with ALS alone (P0.05; Figure  13A and B). Treatment of cells with 1.0 µM ALS plus 100 nM bafilomycin A1 increased the expression level of LC3-II 2.2-fold in MCF7 and MDA-MB-231 cells, compared to the control cells treated with ALS alone (P0.001; Figure 13A and B) .
Next, we investigated the effects of p38 MAPK activation when cells were pretreated with WM or bafilomycin A1 before ALS treatment. In MCF7 and MDA-MB-231 cells, pretreatment with WM before ALS markedly attenuated p38 MAPK activation. Treatment of cells with 1.0 µM ALS plus 10 µM WM markedly decreased the ratio of p-p38 MAPK/p38 MAPK by 88.5% in MCF7 cells. In MDA-MB-231 cells, treatment with 1.0 µM ALS plus 10 µM WM remarkably decreased the ratio of p-p38 MAPK/p38 MAPK by 89.3%, compared to the control cells treated with ALS alone (P0.001; Figure 13A and B). Moreover, pretreatment with bafilomycin A1 before ALS also decreased the ratio of p-p38 MAPK/p38 MAPK in MDA-MB-231 cells, compared to the control cells treated with ALS alone (P0.05 by oneway ANOVA; Figure 13A and B). However, there was no significant difference in MDA-MB-231 cells (P0.05 by one-way ANOVA; Figure 13A and B) . Collectively, these results show that pretreatment with WM inhibits ALSinduced autophagy; whereas pretreatment with bafilomycin A1 does not markedly affect ALS-induced autophagy. These observations suggest that p38 MAPK regulates autophagosome formation at the sequestration step.
p38 MaPK regulates autophagy via akt activation in McF7 and MDa-MB-231 cells
To further determine the role of p38 MAPK in ALS-induced autophagy, we used pharmacological inhibitors. Cells were pretreated with SB202190 (a p38 inhibitor) for 30 minutes and then treated with ALS for 24 hours. First, we examined the effect of SB202190 on ALS-induced autophagy in MCF7 and MDA-MB-231 cells using flow cytometry. In MCF7 and MDA-MB-231 cells, treatment with 10 µM SB202190 decreased ALS-induced autophagy by 19.6% and 30.1%, respectively, compared to the control cells treated with ALS alone (P0.05 by one-way ANOVA; Figure 12A and B) . Next, we examined the expression levels of beclin 1 and LC3-II when MCF7 cells were treated with ALS alone or combined with SB202190 by Western blotting assay. MaPK, p38 MaPK, p-akt, akt, p-mTOr, mTOr, beclin 1, lc3-i, and lc3-ii in McF7 cells treated with p38 MaPK sirna or 10 μM sB202190 with or without addition of als. β-actin was used as the internal control. Data are the mean ± sD of three independent experiments. **P0.01 and ***P0.001 by one-way anOVa. Abbreviations: als, alisertib; sD, standard deviation; anOVa, analysis of variance; p-p38 MaPK, phosphorylated p38 MaPK; akt, protein kinase B; mTOr, mammalian target of rapamycin; lc3, microtubule-associated protein 1 light chain 3; DMsO, dimethyl sulfoxide; sirna, small interfering ribonucleic acid. Figure 14A and B). However, treatment of cells with 1.0 µM ALS plus 10 µM SB202190 markedly decreased the level of LC3-II by 84.6% in MCF7 cells, compared to the control cells treated with ALS alone (P0.001 by one-way ANOVA; Figure 14A and B). In Figure 14 , SB202190 partially blocked p38 MAPK activation. Treatment of cells with 1.0 µM ALS plus 10 µM SB202190 remarkably decreased the ratio of p-p38 MAPK/p38 MAPK by 65.4% in MCF7 cells, compared to the control cells treated with ALS alone (P0.01 by one-way ANOVA; Figure 14A and B). Moreover, treatment of cells with 10 µM SB202190 alone decreased the ratio of p-Akt/Akt by 85.5% in MCF7 cells, compared to the control cells treated with DMSO only (P0.001 by one-way ANOVA; Figure 14A and B). However, there was no significant change in the ratio of p-Akt/Akt when MCF7 cells were treated with 1.0 µM ALS plus 10 µM SB202190, compared to the control cells treated with ALS alone (P0.05 by one-way ANOVA; Figure 14A and B). Treatment of cells with 10 µM SB202190 alone did not significantly change the ratio of p-mTOR/mTOR in MCF7 cells, compared to the control cells treated with DMSO only (P0.05 by one-way ANOVA; Figure 14A and B). However, treatment of cells with 1.0 µM ALS plus 10 µM SB202190 remarkably decreased the ratio of p-mTOR/mTOR by 47.6% in MCF7 cells, compared to the control cells treated with ALS alone (P0.001 by one-way ANOVA; Figure 14A and B).
To further investigate the role of p38 MAPK in the ALSinduced autophagy, p38 MAPK-specific siRNA was used to knock down the p38 MAPK gene. Transfection of MCF-7 cells with p38 MAPK siRNA downregulated the level of ALS-induced p-p38 and increased LC3-II conversion compared with parental or nonspecific siRNA-transfected control cells. Compared to the control cells treated with transfection of MCF-7 cells with control siRNA, transfecting p38 MAPK siRNA decreased the ratio of p-p38 MAPK/p38 MAPK by 58.4% (P0.001 by one-way ANOVA; Figure 14A and B). After transfection of MCF-7 cells with p38 MAPK siRNA, the ratio of p-Akt/Akt was markedly increased 2.0-fold compared to cells transfected with the control siRNA (P0.001 by one-way ANOVA; Figure 14A and B). However, there was no significant change in the ratio of p-mTOR/mTOR and the level of beclin 1 and LC3-II in MCF7 cells, compared to cells transfected with the control siRNA (P0.05 by one-way ANOVA; Figure 14A and B).
Furthermore, we investigated the effect of knockdown of the p38 MAPK gene on ALS-induced autophagy. Compared to the control cells treated with transfection of MCF-7 cells with control siRNA plus 1.0 µM ALS, cells transfected with p38 MAPK siRNA showed a remarkable decrease in the ratio of p-p38 MAPK/p38 MAPK by 54.5% (P0.001 by one-way ANOVA; Figure 14A and B). After transfection of MCF-7 cells with p38 MAPK siRNA plus 1.0 µM ALS, the ratio of p-Akt/Akt and the level of LC3-II were markedly increased 2.1-and 1.8-fold, compared to cells transfected with the control siRNA plus 1.0 µM ALS (P0.001 by one-way ANOVA; Figure 14A and B). However, there was no significant change in the ratio of p-mTOR/mTOR and the level of beclin 1 compared to cells transfected with the control siRNA plus 1.0 µM ALS (P0.05 by one-way ANOVA; Figure 14A and B). Taken together, these results confirm that p38 MAPK is involved in ALS-induced autophagy in MCF7 and MDA-MB-231 cells.
Discussion
Estimates of the worldwide incidence and mortality of cancer ranked breast cancer as the most frequent cancer among women with an estimated 1.67 million new cases diagnosed in 2012 (25% of all cancers) with slightly more cases in less developed than in more developed regions. Breast cancer mortality rates have declined in part due to therapeutic advances and it ranked as the fifth cause of death from cancer overall in 2012. However, it was still the most frequent cause of cancer death in women in less developed regions and the second in more developed regions after lung cancer, 20 underscoring the need for better strategies in both prevention and therapy. Recent reports have shown that AURKA can induce chemotherapeutic resistance and regulate several key signaling pathways in cancer cells, suggesting its role as a central node in cancer cell signaling. 21 Several AKIs have been tested in breast cancer pre-clinically in the last couple of years, indicating Aurora kinases are promising therapeutic targets for breast cancer treatment. In this study, we investigated the anti-proliferative and pro-apoptotic and pro-autophagic effects of ALS in breast cancer cell lines.
The Aurora kinases (AURKA, AURKB, and AURKC) are serine/threonine kinases that function as key regulators of mitosis. 7 Abnormal expression or activation of these proteins leads to the development of cancer, and inhibiting their enzyme activity is potentially a good targeted cancer therapy. Currently more than 30 Aurora inhibitors (A-specific, Bspecific, and pan-Aurora) are in early-phase clinical trials. Cellular proliferation is regulated primarily by the regulation of cell cycle, which consists of four distinct sequential phases (G 0 /G 1 , S, G 2 , and M). 23 In eukaryotes, the cell cycle is regulated by cyclins, CDKs, and cyclin-dependent kinases. In particular, cyclin B and CDK1 proteins are involved in the regulation of the progression of G 2 /M phase. 24 It is widely known that cells are blocked in the G 2 /M phase during DNA damage, and cells are more susceptible to the cytotoxic effects of radiotherapy in the G 2 /M phase. 25 Increasing induced G 2 /M phase arrest allows cell death which may be a useful strategy in cancer therapeutics. 26 In the present study, we found that ALS concentration-dependently arrested MCF7 and MDA-MB-231 cells in G 2 /M phase. We further explored the effect of ALS on the key regulators in cell cycle checkpoints including CDK1/CDC2, CDK2, and cyclin B1 in MCF7 and MDA-MB-231 cells. The CDC2-cyclin B1 complex is pivotal in regulating the G 2 /M phase transition and mitosis. We observed a significant decrease in the expression level of cyclin B1 and CDC2 in MCF7 and MDA-MB-231 cells treated with ALS, providing an explanation for the inducing effect of ALS on G 2 /M phase arrest in MCF7 and MDA-MB-231 cells. The Cip/Kip family, including p21 Waf1/Cip1 and p27 Kip1, binds to cyclin-CDK complexes and prevents the kinase activation, subsequently blocking the progression of the cell cycle at the G 2 /M phase. 27 p53 is a transcription factor that upregulates a number of important cell cycle-modulating genes such as p21 Waf1/Cip1. It has been reported that p21 Waf1/Cip1, a cyclin-dependent kinase inhibitor regulated by p 53, can bind to the CDK1/CDC2-cyclin B1 complex thereby inducing cell cycle arrest. We observed that the expression of p53, p27 Kip1, and p21 Waf1/Cip1 was remarkably increased in MCF7 and MDA-MB-231 cells treated with ALS, which probably contributes to the inhibitory effect of ALS on cell proliferation and the inducing effect on cell cycle arrest in breast cancer cells. These results indicate that upregulation of p53, p21 Waf1/Cip1, and p27 Kip1 expression and suppression of CDC2 and cyclin B1 by ALS may result in the G 2 /M phase arrest in human breast cancer cells.
Apoptosis is a very tightly programmed cell death with distinct biochemical and genetic pathways that play a critical role in the development and homeostasis in normal tissues. 28 It contributes to elimination of unnecessary and unwanted cells to maintain the healthy balance between cell survival and cell death in metazoa. 29, 30 Apoptosis is caused by proteases, known as "caspases", which specifically target cysteine aspartyl. [31] [32] [33] Upon receiving specific signals instructing the cells to undergo apoptosis, a number of distinctive changes occur in the cell. A family of proteins known as caspases is typically activated in the early stages of apoptosis. These proteins cleave key cellular components that are required for normal cellular function including structural proteins in the cytoskeleton and nuclear proteins such as DNA repair enzymes. The caspases can also activate other degradative enzymes such as deoxyribonucleases, which begin to cleave the DNA in the nucleus. Cascade activation of caspases plays a critical role in both pathways, which are linked and both trigger the activation of caspase-3, 6 and 7. 32 Tumor cells can acquire resistance to apoptosis by the overexpression of anti-apoptotic proteins such as Bcl-2 or by the downregulation or mutation of pro-apoptotic proteins such as Bax. The expression of both Bcl-2 and Bax is regulated by the p53 tumor suppressor gene. 34 Anti-apoptotic members of Bcl-2 can be inhibited by post-translational modification and/or by increased expression of PUMA, which is an essential regulator of p53-mediated cell apoptosis. 35 In our study, we found that the expression level of cleaved caspase-9 was significantly increased after ALS treatment, which subsequently activated caspase-3 in MCF7 and MDA-MB-231 cells. Activated caspase-3 in turn induced apoptosis with a decrease in Bcl-2 level. Moreover, we noted a concentrationdependent increase in the expression level of PUMA and Bax in MCF7 and MDA-MB-231 cells. These results indicate that ALS induces mitochondria-dependent apoptosis in breast cancer cells.
Chemotherapy in breast cancer often includes the use of anthracyclines, taxanes (docetaxel and paclitaxel), and DNA damaging agents like cyclophosphamide, fluorouracil or platinum-based compounds. 36, 37 Most of these agents are known to be good autophagy inducers in different types of cancer. [38] [39] [40] [41] In breast cancer cell lines, specifically in the MCF7 cell line, ALS was found to induce autophagy. Autophagy is a regulated lysosomal pathway involved in the degradation and recycling of long-lived proteins and organelles within cells. During autophagy, cytoplasmic constituents are sequestered into double-membraned autophagosomes, which then fuse with lysosomes to form autolysosomes, in which degradation occurs. There are many reports that show that autophagy may act as a tumor suppressor, in particular in the initiation of tumor. 42, 43 Keeping up with this concept, study has shown that induction of autophagy becomes an alternative strategy for cancer treatment. 44 Many therapeutic drugs or natural compounds can trigger caspase-independent autophagic cell death by activating autophagy signaling pathways. 44, 45 Beclin 1 and LC3 are two specific markers of cell autophagy and both of them are strongly involved in autophagic process, Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
Dovepress
1650
li et al especially in its early stage. Beclin 1 is a tumor suppressor which is particularly important for breast cancer since it was found to be deleted in 40%-75% of sporadic human breast and ovarian cancers. Beclin 1 expression is frequently low in human breast epithelial carcinoma cell lines and tissues and expressed at high levels in normal breast epithelia. Overexpression of beclin 1 in the MCF7 breast cancer cell line decreases proliferation, in vitro clonogenicity, and tumorigenesis. 46 Beclin 1 promotes autophagy and inhibits proliferation of cancer cells by forming and activating the autophagy promoting complex beclin 1-hVps34, and the suppression of beclin 1 expression impairs autophagy. 47 LC3, associated with the formation of the autophagic vacuole, is currently considered as a specific molecular marker for autophagosomes in mammals. LC3 proteins can be divided into two forms: LC3-I (18 kDa) and LC3-II (16 kDa). The amount of LC3-II correlates with the extent of autophagosome formation and is an autophagosomal marker. 48 In our study, the induction of autophagy was supported by the following observations. First, we found that ALS treatment of MCF7 and MDA-MB-231 cells induced remarkable autophagy in concentration-and time-dependent manners using flow cytometric analysis. Second, there was a striking increase in the expression level of beclin 1 and LC3-II in MCF7 and MDA-MB-231 cells treated with ALS using Western blotting assay. These results indicate ALS can induce autophagy in breast cancer cells.
Furthermore, we found that ALS significantly induced p38 MAPK and subsequently suppressed the activation of PI3K, Akt, and mTOR. PI3K/Akt/mTOR is a major intracellular signaling pathway, which has received much attention in recent years given its potential role in cancer. 49, 50 This critical pathway acts as a convergence point for a multitude of upstream signals and in turn stimulates the activity of numerous downstream effectors, thereby mediating enhanced cellular survival, growth, protein synthesis, motility, and other functions of pro-tumorigenic impact. 49 As shown by our Western blotting analysis, ALS significantly decreased the activation of PI3K, Akt, and mTOR, but increased LC3-II levels in MCF7 and MDA-MB-231 cells. These results are consistent with the role of PI3K/Akt/mTOR in ALS-induced autophagy. 51, 52 Our results suggest that the loss of p-mTOR protein is a consequence of the ALS aggregation, and multiple upstream signal inputs to mTOR could lead to such an event. First, we found the classical upstream kinase p-Akt as an essential player in regulating p-mTOR. Accumulation of ALS led to a significant decrease in p-Akt level; low levels of p-Akt produced by the ALS correlated with low levels of p-mTOR and high levels of LC3-II. In our study, ALS significantly reduced the phosphorylation of mTOR at Ser2448 and Akt at Ser473 in both MCF7 and MDA-MB-231 cells. With increasing concentrations of ALS, a decreasing phosphorylation of mTOR and Akt was observed. Similar data were obtained in MCF7 and MDA-MB-231 cells. However, the total Akt and mTOR levels were not changed when MCF7 and MDA-MB-231 cells were treated with ALS. These results suggest that ALS accumulation causes a downregulation of Akt and mTOR function, and reduced Akt and mTOR function might exert a role, at least in part, on the regulation of autophagy.
Notably, there may be crosstalk between apoptosis and autophagy which is induced by ALS in cancer cells. 53 The interplay of apoptosis and autophagy is very perplexing. 54 Autophagy has been shown to exhibit cytoprotective effects and negatively regulate apoptosis under certain conditions. 55 On the contrary, apoptosis suppresses the process of autophagy. It has been shown that mitochondria play a pivotal role in the process of apoptosis and autophagy. Mitochondrial dysfunction and loss of mitochondrial membrane potential lead to the release of pro-apoptotic molecules, which in turn initiates the process of apoptosis. However, autophagy can, to some extent, eliminate the dysfunctional mitochondria, eliciting a cytoprotective effect with a number of cellular signaling molecules and pathways. [56] [57] [58] Moreover, we also provided evidence about the existence of crosstalk between the p38 MAPK and Akt/mTOR signaling pathways in MCF7 and MDA-MB-231 cells exposed to ALS. The p38 MAPK is an important stress kinase that is involved in regulation of inflammation, cell growth and differentiation, cell cycle, and cell death. Activation of p38 MAPK can lead to an inhibition or induction of autophagy, depending on the cellular context and cell type. [59] [60] [61] However, the molecular mechanisms that link p38 MAPK to autophagy are not yet fully understood. In the present study, we have observed that ALS treatment significantly increases the phosphorylation of p38 MAPK in MCF7 and MDA-MB-231 cells. With increasing concentration or sustained time of ALS, an increasing amount of p-p38 MAPK and highly accumulated LC3-II was observed. Thus, we speculate that the activation of p38 MAPK by ALS contributes to autophagy induction. We further consolidated this point by pharmacological inhibitors of autophagy. WM, an inhibitor of the sequestration step of autophagosome, completely blocked ALS-induced p38 MAPK activation in MCF7 and MDA-MB-231 cells. These observations suggest that p38 MAPK regulates autophagosome formation at the sequestration step. On the contrary, knockdown of the p38 gene using p38 MAPK siRNA caused accumulation of LC3-II. These observations further confirm Our previous studies have demonstrated that ALS induced the activation of p38 MAPK and decreased the activation of Akt and mTOR. To confirm the role of p38 MAPK in ALS-induced autophagy via Akt/mTOR signaling pathway, we knocked down the p38 MAPK gene using p38 MAPK siRNA in MCF7 cells and investigated the change of the phosphorylation of Akt. We found that transfection of MCF7 cells with p38 MAPK siRNA downregulated the level of ALS-induced p-p38 MAPK, and in contrast, upregulated the activation of Akt and led to LC3-II accumulation. Furthermore, we observed a similar effect of the p38 MAPK specific inhibitor SB202190 on ALS-inhibited p-Akt in MCF7 cells. SB 202190 completely inhibited the activation of Akt in MCF7 cells. These results suggest that p38 MAPK is involved in the regulation of Akt activation and autophagy process induced by ALS.
In summary, the present study shows that ALS inhibits cell proliferation, arrests cells in G 2 /M phase, and induces apoptosis via mitochondria-dependent pathway and autophagy via modulation of p38 MAPK and Akt/mTOR signaling pathways in MCF7 and MDA-MB-231 cells. The crosstalk between apoptosis and autophagy contributes, at least in part, to the breast cancer killing effect of ALS, and the interplay between p38 MAPK and Akt/mTOR signaling pathways contributes to ALS-induced autophagy of MCF7 and MDA-MB-231 cells. This study suggests that ALS may represent a promising therapeutic agent for targeted therapy in breast cancer. More studies are needed to reveal the underlying mechanisms for the anticancer effect of ALS and to verify the efficacy and safety of ALS in the treatment of breast cancer.
